of aldosterone by eplerenone effectively preserves cardiac function, attenuates maladaptive left ventricular remodeling and tissue and vascular injury in part by reducing vascular inflammation in aldosterone target organs [7] [8] [9] . The major adverse effects of aldosterone involve the induction of vascular inflammation and fibrinoid necrosis of small arteries and arterioles and endothelial dysfunction.
Interestingly in hypertension, endothelial dysfunction is associated with elevated vascular endothelial growth factor (VEGF) levels [10] ; this potent cytokine has been shown to enhance the production of endothelium-derived vasoactive factors such as prostacyclin and nitric oxide (NO) and regulates multiple biological functions including inhibiting thrombosis and causing vasorelaxation [11] . VEGF is an established and potent angiogenic factor that is thought to play a key role in cardiovascular disease [12] . Also, it has been suggested that VEGF could serve as a marker for early organ damage in hypertension [13] .
Based on these observations, we investigated the role of eplerenone on VEGF expression because we suspected that eplerenone treatment may trigger a unique mechanism that relies on the downregulation of VEGF and/or the upregulation of heat-shock proteins (HSPs). Also in the present study, we examined the effect of eplerenone alone and in combination with the ACE inhibitor, enalapril on histopathological changes in the kidney in hypertensive Dahl rats so that we may better understand the mechanisms underlying the role of eplerenone in the renal protection in the Dahl salt-induced hypertensive rats.
Materials and Methods

Experimental Design
Male Dahl SS rats (4-5 weeks, Harlan Sprague-Dawley, Indianapolis, Ind., USA) were grouped 5 per cage in the animal facility with 12-hour light/dark cycles with the temperature controlled at 21-23 ° C. Food and water were available ad libitum. Following acclimatization, the animals were put in individual cages and fed a high salt diet (8% NaCl) for 3 weeks. They were then switched to a normal salt (0.3% NaCl) diet for 3 more weeks with or without treatment with (1) enalapril (30 mg/kg/day in the drinking water); (2) eplerenone (100 mg/kg/day by gavage), and (3) enalapril + eplerenone. Prior to (basal) and weekly thereafter, systolic blood pressure and heart rate were measured indirectly. After these measurements at 3 weeks, each animal was anesthetized (70 mg/ kg ketamine and 10 mg/kg xylazine, i.m.) and the kidneys were harvested. There were 7 rats/group. The 0.3 and 8% NaCl diets were purchased from Harlan (Madison, Wisc., USA). In a separate study, Dahl SS rats were fed either a low salt or high salt diet alone (LS, HS) for 3 weeks then eplerenone (100 mg/kg/day) was given for an additional 3 weeks (LS/EPL, HS/EPL). The rats fed the low or normal salt diet (0.3% NaCl) served as the control. Blood pressure was measured as described above and tissue samples collected for Western blot analysis and plasma and urine sample stored at -80 ° C.
Indirect Blood Pressure Measurement in Conscious Rats
A noninvasive blood pressure acquisition system for rats (The CODA 2 System from Kent Scientific, Torrington, Conn., USA) was used to measure systolic blood pressure and heart pulse rate.
Tissue Harvesting and Histopathology
Both kidneys were harvested from all animals, either stored in formalin (histopathology studies) or frozen in liquid nitrogen (gene expression studies) and stored at -80 ° C. The heart and kidney wet weights were measured.
The kidneys from control, ENA, EPL and ENA + EPL rats (4 per group) were fixed in Lillie's 10% neutral buffered formalin phosphate and shipped to Histo-Scientific Research Laboratories, Inc. (Mount Jackson, Va., USA) for the preparation of histological slides. The organs were embedded in paraffin. The paraffin blocks were cut into 4-m thick slices and stained with hematoxylin and eosin (HE) and with periodic acid-Schiff. The prepared slides were examined and evaluated microscopically in a blinded fashion for pathologic lesions. A minimum of 10 highpower fields was examined for each slide. For the kidney sections, the proportions of glomeruli with pathologic lesions to the total number of glomeruli, the proportions of arteries/arterioles with pathologic lesions to the total number of arteries/arterioles, and the proportions of tubules with pathologic lesions to the total number of tubules were noted for each slide and scored on a scale of 0-5, where 0 = none; 1 = minimal; 2 = mild; 3 = moderate; 4 = marked; 5 = severe for all rats, and then averaged. Representative photomicrographs were taken from each slide for comparison among the groups.
RNA Isolation and Microarray Analysis
Total RNA was isolated from heart and kidney using TRIzol reagent (Gibco-BRL). The RNA sample was stored at -80 ° C until used. Total RNA concentration was determined by measuring the absorbance at 260 nm. Total RNA was visualized by agarose gel electrophoresis.
The staff in the Functional Genomics Laboratory at Morehouse School of Medicine performed the microarray analysis. Briefly, The Atlas Image 1.0 (Clontech) software was used to compare gene expression profiles between RNA isolated from Dahl SS rat kidney samples. The tissue used for this analysis was taken from 3 of 7 rats in each treatment group. Comparisons of rats exposed to antihypertensive agents (i.e. enalapril, eplerenone) versus those exposed to no drug (control) were performed with significance analysis of microarrays to identify genes with a change of more than 1.5-fold. Signal intensities between the compared arrays were normalized using the Global Mode (to develop a normalization coefficient), which uses an average value based on all the bands. A fold change 1 1 signifies an upregulation while a fold change ! 1 indicates a downregulation of that gene.
Protein Purification and Western Blot Analysis
Protein was isolated through homogenization of the kidney in the lysis buffer (Invitrogen) containing protease inhibitors (Sigma-Aldrich). The supernatant was collected and stored on ice for protein determination (by Bradford assay). The proteins were separated by SDS-PAGE. After electrophoresis separation, proteins were transferred to a nitrocellulose membrane by electroblotting, and membranes incubated as described in the Western Breeze Chemiluminescent kit (Invitrogen). The membrane was probed with antibodies to rat VEGF and rat endothelial nitric oxide synthase (eNOS) (1: 100 dilutions; Santa Cruz Biotechnology). Densitometry units were normalized to actin. Each lane in a blot represented tissue lysate from 1 rat. Fold changes between treatment groups were calculated from individual blots, and mean changes were derived from replicates. Bands were visualized with a luminoanalyzer and band intensity was calculated with Image software (NIH) and expressed as integrated density.
Statistical Analysis
Values are reported as mean 8 SEM, where n refers to the number of rats used. Statistical significance (p ! 0.05) was evaluated using analysis of variance (ANOVA) followed by the TukeyKramer multiple comparison test.
Results
Effect of Eplerenone and/or Enalapril on Systolic Blood Pressure
Systolic blood pressure was significantly elevated following 3 weeks on a high salt (8% NaCl) diet (from 128 8 3 to 233 8 5 mm Hg, n = 34; data not shown). Table 1 demonstrates that once rats were removed from high salt diet and switched to low salt diet for 3 weeks, blood pressure remained elevated. When compared to the rats on a low salt diet and no drug treatment (control), eplerenone and enalapril caused a significant reduction in blood pressure. The average systolic blood pressure in the enalapril-treated rats was 25 8 3 mm Hg lower than the rats that received no drugs. The rats treated with eplerenone had the greatest reduction (43 8 3 mm Hg) in blood pressure when compared to control ( table 1 ) .
Effect of Eplerenone and/or Enalapril on Tissue Damage
The results of the histopathology evaluation of the kidney of the three groups of rats studied are summarized in table 2 . Microscopic examination of the kidney sections from SS rats fed 3 weeks high salt diet followed by 3 weeks low salt diet (control) showed severe focal glomerulosclerosis ( fig. 1 a) , moderate thickening of glomerular capillary wall, moderate atherosclerosis and mild hyperplastic arteriolosclerosis. The histopathology changes in the kidney sections from SS rats treated with enalapril showed mild focal glomerulosclerosis ( fig. 1 b) , mild thickening of glomerular capillary wall and mild atherosclerosis. In contrast, the kidney sections from SS rats treated with eplerenone ( fig. 1 c) only or in combination with enalapril (data not shown) showed no significant histopathology changes. Quantitatively the glomeruli sclerosis was severe in the control (60 8 8%) versus enalapril (16 8 3%), and eplerenone alone or in combination with enalapril (no sclerosis noted). Data reflect the mean measurement from 4 rats/group.
Effect of Eplerenone on VEGF and eNOS Expression
The microarray data were surveyed to identify potential genes that were either up-or downregulated following treatment with eplerenone and/or enalapril. Over 400 genes were positively expressed in rats exposed to drug treatment versus those exposed to no drug, while less than 100 genes were downregulated (data not shown). In the kidney, heat-shock protein 70 (Hsp70) mRNA levels were significantly upregulated and VEGF and NOS3 (eNOS) levels declined following treatment with enalapril, eplerenone, and/or enalapril + eplerenone ( table 3 ) .
To further clarify the findings obtained in the microarray, Western blot analysis confirmed that VEGF protein expression was detectable in renal tissue from all groups ( fig. 2 ) . VEGF protein levels were significantly higher in kidneys from the hypertensive rats than from rats fed the low salt diet. After eplerenone treatment, VEGF protein expression declined by 57 8 1% in the hypertensive rats; VEGF expression tended to also decline in the rats fed the low salt diet but was not significant (p 1 0.05). In addition, the detection of the eNOS protein was observed only in the rats fed the high salt diet without eplerenone ( fig. 2 ). C ontrol group was fed a 8% NaCl diet for 3 weeks then switched to a 0.3% NaCl diet without drug treatment with enalapril (ENA), eplerenone (EPL) or the combination (ENA + EPL). Values in parentheses are mean percentages 8 SEM.
a Four rats were evaluated per group. 
Discussion
We have previously reported that switching a hypertensive Dahl SS rat from a high salt diet to a low salt diet with antihypertensive treatment leads to a reduction in blood pressure [14] . This reduction in blood pressure observed with eplerenone treatment led us to further investigate the mechanism by which eplerenone exerts its beneficial effects. SS Dahl rats show severe cardiovascular damage, ventricular hypertrophy and glomerulosclerosis in response to a high salt diet. In the present study, eplerenone diminished the renal damage produced by high dietary salt intake. In addition, eplerenone blocked the rise in the potent angiogenic factor, VEGF protein expression in the kidney. Also, the effect of eplerenone on VEGF expression was correlated with NOS expression.
It is well established that hypertension leads to structural and functional changes in the kidney, which may eventually lead to end-stage renal disease. Managing blood pressure with antihypertensive tends to slow the progression of renal failure, thus reducing the mortality and morbidity rates linked with hypertensive vascular disease [15] . Experimental and clinical studies indicate that aldosterone may add on to the multiple factors that play a role in the induction and maintenance of kidney damage [16, 17] . Therefore, blocking aldosterone activity via mineralcorticoid receptor using eplerenone could represent a novel therapeutic approach to complement current treatments of chronic kidney disease.
The pathogenesis of target organ damage is also widely believed to be, at least in part, blood pressure-independent and, mediated by the direct tissue-damage-promoting effects of the renin-angiotensin-aldosterone system [15, 18] . This is based on the fact that ACE inhibitors and angiotensin receptor blockers have been shown to markedly reduce the severity of renal damage without significantly reducing blood pressure [19] [20] [21] [22] . Rocha et al. [23] have shown that selective aldosterone blockade prevents angiotensin II and/or salt-induced vascular inflammation. In the present study, the reduction in blood pressure produced by eplerenone was associated with a reduction in renal injury in these rats. Our findings are in agreement with those of Nagase et al. [24] which showed that in the Dahl salt-hypertensive rats, eplerenone lowered systemic blood pressure, reduced podocyte damage, and slowed the development of proteinuria and glomerulosclerosis. Likewise, in the nephrectomy rat model, treatment with spironolactone was associated with regression of glomerulosclerosis in 33% of animals when used alone; this percentage increased when conventional antihypertensive therapy or losartan were added [25] . In the hypertensive Dahl rats, treatment with enalapril was associated with mild glomerulosclerosis when used alone; however, with the addition of eplerenone with enalapril, there appeared to be little or no evidence of sclerosis of the glomeruli. The suppression of renal injury was more pronounced when the hypertension was treated with eplerenone than with enalapril which led us to take a closer look at the mechanism of action of eplerenone.
To explore the potential mechanisms by which eplerenone and enalapril attenuate nephropathy, the microarray analysis was used to identify those genes involved in inflammation. Several novel genes involved in inflammatory processes and vascular wall cell proliferation such as VEGF, eNOS and Hsp70 were differentially expressed. We observed a greater regulation of these genes when rats were treated with eplerenone than with enalapril. VEGF was initially described as an endothelial cellspecific growth factor that stimulates endothelial prolif- eration, migration, and NO release in vitro. Others have shown that VEGF regulates the expression of several genes, such as NOS, tissue factor, anti-apoptotic proteins, and matrix-degrading metalloproteinase [26, 27] . The protein levels of VEGF and eNOS were measured to further clarify the microarray data. In the hypertensive rats, we observed that the VEGF protein expression increased. Our findings are consistent with observations in the spontaneously hypertensive rats (SHRs) and transgenic rats (mRen2)-27, which demonstrated an upregulation in VEGF [28] . Also, in human hypertensive patients, plasma VEGF levels are higher than their normotensive counterparts [10] . Treating the hypertension with eplerenone reduced VEGF mRNA and protein levels in the kidney. These findings are similar to other findings reporting that treatment of hypertension significantly reduces plasma VEGF levels [29] . Taken together, the above results suggest that the VEGF pathway plays an important role in hypertension and may be subsequently involved in vascular and renal damage.
VEGF is an established and potent cytokine that exerts several important actions on the vascular endothelium [30] . It is expressed in abundance in the embryo but is downregulated in adults. VEGF's role in pathological angiogenesis has been well documented in various disease models and has been described as a marker for early microvascular and target organ damage in hypertension [10, 29] . To further clarify the role of VEGF in this study, NOS expression was examined. Several studies have reported that VEGF upregulates NOS-II and NOS-III mRNA and protein expression [31] [32] [33] , which induces NO production. VEGF stimulates endothelial production of NO and prostacyclin via two tyrosine kinase receptors -VEGFR-1 (Flt-1) and VEGFR-2 (KDR/Flk-1) [11, 26] . This could be an important mechanism underlying the stimulation of NO production by VEGF. We observed in the present study that the downregulation of VEGF mRNA as well as protein expression by eplerenone correlated with the reduction in eNOS mRNA and protein expression in the kidney. Previous findings in our laboratory showed that eplerenone increased plasma NO levels [14] . Thus, the increase in NO levels seen in our previous study may not be due to activation of eNOS, but iNOS. Besides, the reduction in VEGF by eplerenone may be due to NO. Others have shown that NO downregulates VEGF in vitro and in vivo [34] [35] [36] . Further investigation is underway in our laboratory to determine the role of eplerenone on iNOS and VEGFR-2 expression to better understand the role of VEGF in hypertension, renal damage and endothelial dysfunction.
We suspect that there are other genes involved in the VEGF pathway that are either up-or downregulated during treatment with eplerenone. Among these are the HSPs such as Hsp70 which has shown cytoprotective effects and are important in the fight against inflammatory disorders [37] . The present study found that Hsp70 levels were significantly regulated by eplerenone treatment. HSPs have been reported to protect against environmental stressors and are widely distributed in many cellular compartments [38, 39] . Tazi et al. [40] suggest that VEGF may stimulate NOS activity both dependently and independently of HSP. Further investigations are required to clarify the synergistic effect of Hsp70 and VEGF by elucidating the possible interactions between these molecules.
In summary, we have shown that renal damage in the hypertensive Dahl rat could be prevented by aldosterone receptor antagonists, such as eplerenone. Based on our current findings, we suggest that in part, VEGF stimulation of eNOS plays a significant role in the reversal of the salt-induced renal and vascular damage. Future studies are needed to clarify the role of HSPs in the VEGF-NOS pathway and ascertain whether the eplerenone-induced improvements are tissue-specific. Taken altogether, these investigations suggest that blockade of aldosterone might offer beneficial effects in the treatment of kidney disease.
